Christou DD, Pierce GL, Walker AE, Hwang M, Yoo J, Luttrell M, Meade TH, English M, Seals DR. Vascular smooth muscle responsiveness to nitric oxide is reduced in healthy adults with increased adiposity. Am J Physiol Heart Circ Physiol 303: H743-H750, 2012. First published July 20, 2012 doi:10.1152/ajpheart.00394.2012.-Vascular smooth muscle responsiveness to nitric oxide, as assessed by nitroglycerin-induced dilation (NID), is impaired in clinical cardiovascular disease, but its relation to adiposity is unknown. We determined the relation of NID to total and abdominal adiposity in healthy adults varying widely in adiposity. In 224 men and women [age, 18 -79 years; body mass index (BMI), 16.4 -42.2 kg/m 2 ], we measured NID (brachial artery dilation to 0.4 mg sublingual nitroglycerin), total body adiposity [BMI and percent body fat (percent BF via dual-energy X-ray absorptiometry)], and indexes of abdominal adiposity [waist circumference (WC) and waist-to-hip ratio (WHR)]. In a subgroup (n ϭ 74), we also measured total abdominal fat (TAF), abdominal visceral fat (AVF), and subcutaneous fat (ASF) using computed tomography. Based on multiple linear regression, NID was negatively related to BMI [part correlation coefficient (rpart) ϭ Ϫ0.19, P ϭ 0.004] and abdominal adiposity (WC, rpart ϭ Ϫ0.22; WHR, rpart ϭ Ϫ0.19; TAF, r part ϭ Ϫ0.36; AVF, rpart ϭ Ϫ0.36; and ASF, rpart ϭ Ϫ0.30; all P Յ 0.009) independent of sex, but only tended to be related to total percent BF (rpart ϭ Ϫ0.12, P ϭ 0.07). In a subgroup of subjects with the highest compared with the lowest amount of AVF, NID was 35% lower (P ϭ 0.003). Accounting for systolic blood pressure, HDL cholesterol, glucose, insulin resistance, adiponectin, and brachial artery diameter reduced or abolished some of the relations between NID and adiposity. In conclusion, NID is or tends to be negatively associated with measures of total adiposity (BMI and percent BF, respectively) but is consistently and more strongly negatively associated with abdominal adiposity. Adiposity may influence NID in part via other cardiovascular risk factors.
ity is associated with impaired responsiveness to NO in the absence of clinical disease or smoking, but this has not been established. Previous data on the relation between NTG-induced dilation and adiposity are limited and conflicting: some studies report negative (2, 38) , positive (14) , or no (3, 17) relation. These inconsistent findings are based on relatively small sample sizes with a limited age and/or adiposity range. In some cases, the results might have been influenced by the inclusion of patients with documented diabetes, hypertension, and coronary artery disease, thus making evaluation of the independent effect of obesity difficult. Moreover, previous studies did not measure total and abdominal fat content; instead, they were limited to the use of body mass index or waist and hip circumferences as indexes of adiposity.
Therefore, there is a clear need to determine whether increased total and abdominal adiposity are linked to impaired vascular smooth muscle function in a large cohort of both men and women free of clinical disease with a broad range of adiposity and age. Hence, in the current study we tested the hypothesis that NTG-induced dilation is inversely related to total (body mass index and percent body fat) and abdominal (waist circumference, waist-to-hip ratio, and total, visceral, and subcutaneous fat) adiposity in nonsmoking men and women without clinical disease varying widely in adiposity and age. We also sought to gain initial insight into mechanisms by which adiposity may influence NTG-induced dilation.
METHODS

Ethical Approval
The study conformed to the standards set by the Declaration of Helsinki. Procedures were approved by the Institutional Review Boards of the University of Colorado at Boulder, Texas A&M University, and Scott & White Health System. The nature, benefits, and risks of the study were explained to the volunteers, and their written informed consent was obtained before participation.
Subjects
A total of 224 adults, 152 men and 72 women, of a wide range of age (18 -79 years) and adiposity (body fat, 6.5-56.4%) were studied. All subjects were nonsmokers and were free of cardiovascular disease and other clinical disorders as assessed by medical history, physical examination, resting ECG, urinalysis, blood chemistries, and hematological evaluation. Men older than 40 years of age and women older than 50 years of age demonstrated normal ECG and blood pressure responses to incremental treadmill exercise (8) as described in Aerobic fitness and leisure-time physical activity. Pre-menopausal women were eumenorrheic, were not on hormonal contraceptives, and were studied during the early follicular phase. Postmenopausal women were not on hormone replacement therapy for at least 1 year before data collection.
Study Procedures
Weight and height. Body weight was measured to the nearest 0.1 kg with an electronic scale (Tanita, Arlington Heights, IL). Subjects wore light clothing and were barefoot when weighed. Height was measured to the nearest millimeter using a stadiometer.
Resting blood pressure. Resting blood pressure was measured over the brachial artery with a semiautomated device (Dinamap; GE, Salt Lake City, UT).
Adiposity measures. Body mass index was determined as weight divided by height squared (kg/m 2 ). Total body fat percentage was assessed with dual-energy X-ray absorptiometry (DPX-IQ; GE/Lunar, Salt Lake City, UT) as described previously (8) . Two indexes of abdominal adiposity were used in all subjects: waist circumference and waist-to-hip ratio. With use of a nonstretchable tape, circumferences were measured in duplicate to the nearest millimeter with the subjects standing with their feet placed together. The waist measurement was performed at the narrowest part between the ribs and the iliac crest, whereas the hip measurement was performed at the widest part of the hips. In a subgroup of 74 subjects (54 men and 20 women), total, visceral, and subcutaneous fat were measured in the abdominal region (at the level of L4-L5) using a single slice computed tomography scan and the commercially available software Slice-O-Matic v4.3 (Tomovision, Magog, QC, Canada) (27) .
Vascular smooth muscle responsiveness to NO donor. All subjects completed a 12-h overnight fast and abstained from caffeine before measurements were taken. All measurements were performed on subjects in supine rest. Dilation to NTG was assessed using highresolution ultrasonography as described previously (6, 28) . ECGgated ultrasound images of the brachial artery were acquired at baseline and for 10 min after sublingual NTG (0.4 mg) administration. Maximum brachial response to NTG was defined as the percent change in diameter from baseline, calculated by the maximum diameter minus baseline diameter divided by baseline diameter times 100. Digital image acquisition on a personal computer and brachial artery diameter analysis were performed using a commercially available wall-tracking software package (Vascular Analysis Tools 5.5.1; Medical Imaging Applications, LLC, Iowa City, IA).
Lipids, metabolism, and inflammation and oxidative stress markers. Plasma lipids were analyzed using conventional assays as described previously (32) . High-sensitivity C-reactive protein and fasting glucose were measured by enzymatic methods (Roche Diagnosis Systems, Indianapolis, IN). Plasma insulin was measured by radioimmunoassay (Diagnostic Systems Laboratory, Webster, TX). Insulin resistance was estimated by using the homeostasis model of insulin resistance [HOMA; HOMA ϭ (fasting insulin U/ml ϫ fasting glucose mg/dl)/405]. Oxidized low-density lipoprotein was measured using ELISA (ALPCO Diagnostics, Salem, NH). Adiponectin was measured by radioimmunoassay (Linco Research).
Aerobic Fitness and Leisure-Time Physical Activity
Aerobic fitness was determined using maximal oxygen consumption (V O2 max) as described previously (8) . Briefly, online computerassisted open-circuit spirometry during incremental treadmill exercise was used. After a 6-to 10-min warm-up, subjects ran or walked at a comfortable speed that corresponded to 70% to 80% of their agepredicted maximal heart rate. The treadmill grade was increased 2.5% every 2 min until volitional exhaustion. Leisure-time physical activity was assessed using the Modifiable Activity Questionnaire (22) .
Data Analysis
Statistical analyses were performed using SPSS (version 19.0). Statistical significance for all analyses was set at P Ͻ 0.05. To determine the relations of total and abdominal adiposity with NTGinduced dilation independent of sex, multiple linear regression analysis was performed. Separate regression models were used for each measure of adiposity: NTG-induced dilation was entered as the dependent variable, whereas a measure of adiposity and sex were entered as independent variables. Sex was included in the model to control for its effect. Part correlation coefficients derived from regression analysis were used to determine the association of adiposity with NTG-induced dilation, independent of sex. Residual analysis to test for the validity of the regression model assumptions was performed for all regression models.
To examine potential intermediary factors by which adiposity may be linked to NTG-induced dilation, bivariate Pearson product-moment correlations were performed first to identify factors that were significantly related with both adiposity and NTG-induced dilation. Each factor that met this requirement was entered in the regression models as an independent variable in addition to adiposity and sex to determine its influence on the relation between adiposity and NTG-induced dilation.
To further examine the relation between NTG-induced dilation and adiposity, we compared NTG-induced dilation in a subsample of subjects with the lowest and highest abdominal visceral fat. The subsample was chosen by selecting subjects in the lowest and highest quintiles of abdominal visceral fat to ensure the groups differed considerably. Group comparisons were examined using independent t-tests. To examine the influence of potential intermediary factors on the differences in NTG-induced dilation between the lowest and highest abdominal visceral adiposity groups, we used ANCOVA to co-vary for each potential factor.
RESULTS
Mean values and ranges for the main subject characteristics are presented in Table 1 and for the potential intermediary factors are presented in Table 2 . Subjects varied widely in age, weight, total body and abdominal adiposity measures, and NTG-induced dilation.
Relations of NTG-Induced Dilation and Adiposity, Independent of Sex
Age was not included as an independent variable to control for its effect because it did not correlate with NTG-induced dilation in our data (r ϭ 0.04, P ϭ 0.6). There were no significant interactions between sex and adiposity (P Ͼ 0.05), indicating that the relation between adiposity and NTG-in- http://ajpheart.physiology.org/ duced dilation was not significantly different in men and women. In the entire group, NTG-induced dilation was negatively related to body mass index (P ϭ 0.004; Fig. 1A ), but only tended to be related to total percent body fat (r part ϭ Ϫ0.12, P ϭ 0.07; data not shown). NTG-induced dilation was consistently negatively related with waist circumference (P ϭ 0.001; Fig. 1B ), waist-to-hip ratio (P ϭ 0.005; Fig. 1C ), total abdominal fat, and abdominal visceral and subcutaneous fat (P Յ 0.009; Fig. 2 , A-C), independent of sex.
Comparisons Between Subjects with the Lowest and Highest Abdominal Visceral Fat
Mean values and ranges for the main characteristics of subjects with the lowest and highest abdominal visceral fat are presented in Table 3 and for potential intermediary factors are presented in Table 4 . Consistent with the results of the regression analyses, NTG-induced dilation was 35% lower in subjects with the highest compared with lowest abdominal visceral fat (P ϭ 0.003; Fig. 3 ).
Potential Intermediary Factors
We sought to examine the association between NTG-induced dilation and factors that were related with adiposity to determine whether any of these factors could potentially explain the relation between NTG-induced dilation and adiposity. The results of these bivariate correlations are presented in Table 5 . Accounting for each of the intermediary factors that were related with NTG-induced dilation (i.e., systolic blood pressure, glucose, HDL cholesterol, HOMA, adiponectin, and brachial artery baseline diameter) reduced the sex-independent relations between adiposity and NTG-induced dilation and in many instances rendered them nonsignificant (P Ͼ 0.05; Figs. 1, A-C, and 2, A-C). The role of adiponectin, oxidized LDL, and HOMA as potential intermediary factors could not be evaluated for total, visceral, and subcutaneous abdominal fat because these factors were not measured in all of the subjects for whom computed tomography was performed.
To further evaluate the influence of baseline diameter on the relation between adiposity and NTG-induced dilation, we expressed NTG-induced dilation as absolute change in diameter from baseline (in ⌬mm), an expression not influenced by baseline diameter (r ϭ 0.09, P ϭ 0.2; data not shown). NTG-induced dilation (in ⌬mm) was negatively related with HOMA-IR, homeostasis assessment model for insulin resistance. total abdominal fat (r part ϭ Ϫ0.25, P ϭ 0.02; Fig. 4A ), abdominal visceral fat (r part ϭ Ϫ0.24, P ϭ 0.03; Fig. 4B ), and abdominal subcutaneous fat (r part ϭ Ϫ0.22, P ϭ 0.049; Fig.  4C ), independent of sex, but was not related with body mass index, percent body fat, waist circumference, and waist-to-hip ratio (r part ϭ Ϫ0.06 to Ϫ0.1, P Ն 0.1; data not shown). Consistent with the results of the regression analyses, the difference in NTG-induced dilation between subjects with the lowest and highest abdominal visceral fat was abolished after accounting for systolic blood pressure and HDL cholesterol (P Ն 0.1; Fig. 5 , A and B) but was not changed after co-varying for glucose (P ϭ 0.002; Fig. 5C ) or brachial artery baseline diameter (P ϭ 0.04; Fig. 5D ). Co-varying for age did not influence the difference in NTG-induced dilation between the groups (P ϭ 0.003; data not shown). Similarly, the difference in NTG-induced dilation remained unchanged after adjustment for physical activity levels (P ϭ 0.006; data not shown).
Finally, to address the potential concern that obese subjects might have been exposed to lower levels of NTG, we expressed the dose (0.4 mg) relative to lean body weight (LBW; NTG-to-LBW ratio) following the dose scaling recommendations for obese patients (16, 19) and examined if this factor altered the relation between NTG-induced dilation and adiposity. The relations between NTG-induced dilation and adiposity (waist, waist-to-hip ratio, and total, visceral, and subcutaneous abdominal fat) remained significant (P Յ 0.03) except for body mass index, which approached significance (P ϭ 0.055). NTGto-LBW ratio was not a significant predictor of NTG-induced dilation in all of the regression models (P ϭ 0.07 to 0.2) with the exception of one (waist-to-hip ratio model; P ϭ 0.04). Likewise, the difference in NTG-induced dilation between Values are means Ϯ SE. subjects with the lowest and highest abdominal visceral fat remained unchanged (P ϭ 0.007; data not shown) after adjusting for NTG-to-LBW ratio, and the latter was not a significant covariate (P ϭ 0.8) in the ANCOVA model.
DISCUSSION
We measured NTG-induced dilation and total and abdominal adiposity in 224 carefully screened men and women. We are not aware of any previous studies that comprehensively examined the relation of NTG-induced dilation to adiposity in a large group of men and women free of clinical disease. The key novel finding of the present study is that NTG-induced dilation is or tends to be negatively associated with measures of total adiposity (body mass index and total body fat, respectively), but is consistently and more strongly negatively associated with abdominal adiposity among healthy adults. Moreover, our findings suggest that blood pressure, HDL cholesterol, fasting glucose, insulin resistance, adiponectin, and brachial artery diameter may be among the intermediary mechanisms linking elevated adiposity to impaired NTG-induced dilation.
NTG-Induced Dilation and Adiposity
Vascular smooth muscle relaxation to NTG is achieved via a complex cascade of events involving the bioconversion of NTG to NO and the NO signaling pathways: activation of soluble guanylate cyclase, synthesis of cyclic GMP, activation of PKG, and reduction in cytosolic calcium leading to smooth muscle relaxation. The molecular mechanisms that may contribute to obesity-related impairments in NTG-induced dilation in humans are not clear. In vitro studies in vascular smooth muscle cells from obese and lean Zucker rats showed that obesity is associated with multiple defects in the NO/cyclic GMP/PKG pathways: 1) a defect in the NO-induced activation of soluble guanylate cyclase, 2) impaired ability of NO and cyclic GMP to activate PKG leading to decreased phosphorylation of vasodilator-stimulated phosphoprotein (VASP), and 3) increased oxidative stress leading to reduced ability of NO to activate the cyclic GMP/PKG/VASP cascade (30) . Antioxidants restore these defects in vitro in vascular smooth muscle cells from obese Zucker rats but have no effect on lean Zucker rats (30) , consistent with the observation that antioxidants improve vasodilator responses to a NO donor in vivo in obese but not lean Zucker rats (13) . No data are available concerning obesity-related defects in bioconversion of NTG to NO or in mechanisms regulating vascular tone (e.g., calcium regulatory mechanisms). Our data show that abdominal visceral and subcutaneous fat are similarly predictive of vascular smooth muscle responsiveness to NTG. This is consistent with previous data showing a significant relation between abdominal subcutaneous fat and cardiovascular risk factors such as dyslipidemia, hypertension, and insulin resistance (12) . In agreement with our findings, Parikh et al. (26) found that both abdominal visceral and subcutaneous fat were negatively related with vascular endothelial function. However, in their study after adjustment for clinical covariates, only abdominal visceral remained significantly associated with endothelial function, whereas in our study co-varying for cardiovascular risk factors influenced similarly the relations of abdominal visceral and subcutaneous adiposity with NTG-induced dilation.
The intermediary factors through which adiposity may be influencing NTG-induced dilation include blood pressure, HDL cholesterol, fasting glucose, insulin resistance, adiponectin, and brachial artery diameter. We found that adjusting for systolic blood pressure reduced the relation of NTG-induced dilation and adiposity in the entire group, and completely abrogated the difference in NTG-induced dilation between subjects with lowest and highest amounts of abdominal visceral fat. In support of our findings, Olsen et al. (25) have shown that NTG-induced dilation is negatively associated with systolic blood pressure in hypertension. They suggest that impairment in the vasodilatory response to NTG occurs either secondarily or in parallel to vascular structural changes induced by high blood pressure, since NTG-induced dilation also was negatively associated with carotid wall thickness and arterial stiffness.
We found that HDL cholesterol is another intermediary factor that modulates the relation between NTG-induced dilation and adiposity, consistent with previous observations (2, 24) . The mechanism underlying the association is unclear, but it has been suggested that the antioxidant/anti-inflammatory properties of HDL cholesterol could be involved (2, 24) . Indeed, some studies have reported that markers of inflammation and oxidative stress are negatively associated with NTGinduced dilation in humans (2, 20) . However, in our study there was no association between NTG-induced dilation, oxidized LDL, and high-sensitivity C-reactive protein.
Adjusting for fasting glucose also reduced and in some cases abolished the relation between NTG-induced dilation and adiposity. Hyperglycemia has previously been shown to impair NTG-induced dilation (34) by accumulation of advanced glycation end products in the subendothelial space (4). However, our subjects did not have diabetes and the majority of them had clinically normal fasting blood glucose. Despite this, fasting glucose still appeared to have a moderate modulatory influence on NTG-induced dilation in our regression models. In contrast with systolic blood pressure and HDL cholesterol, glucose did not modulate the differences in NTG-induced dilation among adults with lowest and highest adiposity (Fig. 3D) . Moreover, in the present study adjusting for insulin resistance or adiponectin abolished the relation between NTG-induced dilation and total (body mass index) and abdominal (waist and waistto-hip ratio) adiposity. The underlying mechanisms are unclear, but an association between NTG-induced dilation and insulin resistance (35) and adiponectin (11) has been reported previously.
In our study, accounting for brachial artery baseline diameter rendered the relations nonsignificant between NTG-induced dilation expressed as percent dilation from baseline and adiposity, suggesting that maladaptive arterial remodeling (enlarged vessels) in obesity (15) might be partly responsible for impaired NTG-induced dilation. An association between NTGinduced dilation (percent change from baseline) and baseline diameter has been observed previously (1) , but the mechanism responsible is not known. In contrast, NTG-induced dilation expressed as absolute change was negatively associated with abdominal adiposity and not associated with baseline diameter. In addition, co-varying for baseline diameter did not influence the difference in NTG-induced dilation (in percent change from baseline) among adults with the lowest and highest adiposity. Taken together, these results indicate that impaired vascular smooth muscle responsiveness to NO is associated with higher abdominal adiposity, independent of baseline diameter.
Adjusting for the dose of the NTG-to-LBW ratio did not alter the relation between adiposity and NTG-induced dilation or the difference in NTG-induced dilation between subjects with the highest and lowest abdominal adiposity in our data. The pharmacodynamics of NTG, including NTG plasma concentration, do not appear to be affected by obesity (37) . A dose of 0.4 mg is the standard dose for testing vascular smooth muscle function and is expected to produce maximal dilation regardless of body size. Indeed, Ayer et al. (2) demonstrated in severely obese subjects that brachial artery dilation was similar to a dose of 0.4 mg compared with 0.5 mg of NTG, and the dose-response curves of the lean and obese subjects remained separated across the entire range of NTG doses (0.05 to 0.5 mg). Taken together, these findings demonstrate that the reduced vascular smooth muscle responsiveness to NTG in obesity is not likely to be due to lower levels of NTG in the obese subjects.
One might expect that physical activity and aerobic fitness influence vascular smooth muscle responsiveness to NTG because they are inversely related to adiposity and cardiovascular risk factors. Interestingly, neither physical activity levels nor aerobic fitness was related to NTG-induced dilation. Our results are in agreement with a previous report of no differences in NTGinduced dilation between athletes and sedentary adults (36) .
Study Limitations
First, we recognize that our data are based on associations and do not examine directly the mechanisms linking increased adiposity to impaired NTG-induced dilation. However, our results are an important first step to definitively establish that a significant association exists and provide initial insight into the intermediary mechanisms that may be involved. Second, although age did not relate to NTG-induced dilation in our study and the study of others in healthy adults (7), advancing age is associated with increased number of cardiovascular disease risk factors. Our study sought to account statistically for the effect of cardiovascular risk factors known to be related to adiposity and NTG-induced dilation, but our findings are limited to the specific risk factors we examined. Third, our study used a cross-sectional design. To gain optimal insight into the pathophysiology behind obesity-related impairments in NTG-induced dilation, adequately powered interventions designed specifically to examine the influence of weight loss or weight gain on NTG-induced dilation are needed. However, these studies are highly time-and labor intensive, so it is important to provide preliminary evidence to support such a trial. A previous study from our laboratory (albeit focused primarily on endothelial function) demonstrated that NTGinduced dilation was not altered after 12 wk of dietary restriction-induced weight loss that was associated with significant decreases in systolic blood pressure (27) . That fasting glucose and HDL cholesterol were not altered significantly after the weight loss suggests perhaps that a combination of these factors play a significant role in NTG-induced dilation. Finally, we recognize that because our subjects were free of clinical disease, our results are restricted to this population.
Clinical Significance
Reduced vasodilator response to nitrodilators is associated with a significant increase in cardiovascular events including myocardial infarction, ischemic stroke, coronary angioplasty, coronary or peripheral bypass operation, and death from cardiovascular causes (18, 31) . Thus understanding the factors that influence vascular responsiveness to NO donors may be clinically important. Furthermore, nitrodilators are clinically used to treat conditions such as angina pectoris, myocardial infarction, and congestive heart failure; therefore, understanding whether increased total body and particularly abdominal fatness may influence the efficacy of the NTG treatment may have important clinical implications.
Conclusions
The present findings are the first to establish that NTGinduced dilation is negatively associated with total and, particularly, abdominal adiposity in a large sample of healthy adults. Our results also indicate that some conventional risk factors for cardiovascular disease may partly explain these relations. As such, these observations provide insight into a novel mechanism (i.e., impaired NTG-induced dilation) by which adiposity may contribute to cardiovascular risk.
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